A polyphasic approach was used to establish the taxonomic position of two actinomycetes isolated from a Namibian soil and shown to utilise nitrile compounds as growth substrates. The organisms, strains NAM-BN063A
Introduction
The genus Gordonia (formerly Gordona) was proposed by TSUKAMURA (1971) , subsumed into the genus Rhodococcus (GOODFELLOW and ALDERSON, 1977; GOODFELLOW, 1989 ) then re-established by STACKE- BRANDT et al. (1988) for actinomycetes classified as Rhodococcus bronchialis, Rhodococcus rubropertinctus and Rhodococcus terrae. The growing interest in gordoniae is partly due to their industrial potential, notably as a source of novel enzymes (KIM et al., 1999 (KIM et al., , 2000 , to their capacity to metabolise toxic environmental pollutants, such as alkylpyridines (YOON et al., 2000) , and to their possible role as causal agents of foaming in activated sludge plants (GOODFELLOW et al., 1998b; STAINSBY et al., 2001) . As a consequence of these activities increasing numbers of gordoniae are being isolated from the environment. It is important that such organisms are properly classified and identified so that suitable representatives are preserved for exploitable biology (BULL et al., 2000) .
Evidence provided from 16S rRNA gene sequencing shows that the genus Gordonia forms a distinct clade within the evolutionary radiation occupied by the suborder Corynebacterineae (STACKEBRANDT et al., 1997; GOODFELLOW et al., 1998a) . The genus can be distinguished readily from other taxa assigned to this suborder, namely the genera Corynebacterium, Dietzia, Mycobacterium, Nocardia, Skermania, Tsukamurella, Turicella and Williamsia, by a range of genotypic and phenotypic properties (GOODFELLOW et al., 1999) . The taxonomic integrity of most of the sixteen validly described species assigned to the genus Gordonia is underpinned by a wealth of data (LINOS et al., 1999 (LINOS et al., , 2001 KIM et al., 2000) . The improved classification of the genus provides a sound framework for the recognition of additional species which seem to abound in diverse habitats (COLQUHOUN et al., 1998; MALDONADO et al., 2001; STAINSBY et al., 2001) though it has been pointed out that DNA:DNA relatedThe GenBank accession numbers for the 16S rDNA sequences of strains NAM-BN063A
T and NAM-BN063B are AF380930 and AF380931, respectively. ness studies are needed to establish the detailed relationships between Gordonia alkanivorans KUMMER et al. 1999 and Gordonia nitida YOON et al. 2000 as the type strains of these species have almost identical 16S rDNA sequences (MALDONADO et al., 2001) .
Strains NAM-BN063A T and NAM-BN063B were isolated during a screening programme designed to recover bacteria having the ability to metabolise nitrile compounds (BRANDÃO and BULL, unpublished data). The primary aim of the present study was to determine the taxonomic status of these two gordoniae-like actinomycetes. Genotypic and phenotypic data show that the strains should be recognised as a new species for which the name Gordonia namibiensis is proposed.
Methods

Isolation of bacterial strains
The strains NAM-BN063A T and NAM-BN063B were recovered by batch enrichment from Kalahari soil collected in the Waterberg area of Central Namibia. The soil had a sand:silt:clay composition of 86:5:9, was low in organic matter (0.66%) and was slightly acidic (pH 6.4). One gram of soil sample was inoculated in 50 ml chelate mineral medium (CMM; HEALD et al., 2001) supplemented with benzonitrile at a final concentration of 0.1% (v/v). This enrichment culture was incubated at 30 °C and 150 rpm. At one week intervals, 5 ml of the initial culture were subcultured into 50 ml identical fresh medium, at which time 0.1 ml samples were spread plated onto the corresponding agar medium, and incubated at 30°C until growth was observed. Single-grown colonies were streaked onto glucose yeast extract (GYE; GORDON and MIHM, 1962) agar for strain purification, and incubated at 30 °C for 5 d. Purified strains were tested for their ability to utilise acetonitrile, arylonitrile, benzonitrile, butyronitrile, propionitrile, succinonitrile and valeronitrile in CMM as sole carbon and energy sources for growth.
Maintenance and culture conditions
The purified strains were maintained on GYE agar plates at 4°C and as a suspension in 20% (v/v) glycerol at -20 °C. Biomass for the chemotaxonomic studies was prepared by growing the strains in GYE broth shake flasks at 30 °C and 200 rpm. The bacteria for these studies were washed in distilled water and freeze-dried. Bacterial mass for genomic DNA extraction was prepared by growing the strains on GYE agar plates for 3 d at 30 °C.
Phenotypic characterisation
The organisms were examined for phenotypic characters previously found to be of value in gordonial systematics (KIM et al., 1999 (KIM et al., , 2000 MALDONADO et al., 2001) , and for the presence of diagnostic menaquinones, mycolic acids, whole-organism sugars and isomers of 2,6-diaminopimelic acid (A 2pm ), as described earlier (KIM et al., 1999) .
Isolation of genomic DNA
Genomic DNA was isolated by a phenol-chloroform extraction and a Ribonuclease A (RNase A; Sigma) treatment. A loopfull (rice grain-sized) of the bacterial biomass was harvested with a sterile disposable plastic loop and resuspended in 100 µl of lysozyme (50 mg ml -1 ) in TE 10 buffer (pH 8.0; SAMBROOK et al., 1989) . The suspension was incubated at 37 °C overnight. Cells were further lysed with 500 µl GES reagent (5 mM guanidium thiocyanate [Sigma] , 100 mM EDTA, 0.5% v/v sarkosyl; PITCHER et al., 1989) . The bacterial suspension was vortexed briefly and incubated at 37 °C for 10 min. Protein was extracted by adding 1 volume of phenol:chloroform:isoamyl alcohol (24:24:1 vol/vol) and mixing gently by inversion for 2 min, followed by centrifugation at 13,000 rpm for 10 min, after which the aqueous phase was transferred to a fresh tube. This phenolchloroform extraction was repeated on the aqueous phase. Residual protein and phenol were removed by addition of 1 volume chloroform:isoamyl alcohol (24:1 vol/vol), mixed by inversion for 2 min and centrifuged at 13,000 rpm for 10 min. The final aqueous phase was precipitated by adding 0.8 volumes of ice-cold isopropanol, followed by centrifugation at 13,000 rpm for 10 min. The DNA pellet was washed twice with 100 µl of 70% ethanol and redissolved overnight at 4 °C in 50 µl of TE 10 . DNA was checked for quality using 1% agarose gel electrophoresis in TBE buffer (SAMBROOK et al., 1989) , stained with ethidium bromide (0.5 mg ml -1 ), and quantified by UV spectrometry (260 nm and 280 nm absorbance).
Amplification of 16S rRNA gene
A Taguchi method was used for optimisation of the PCR (COBB and CLARKSON, 1994) . The 16S rRNA gene was amplified using the universal primers (DELONG, 1992): Eubac27F (5′-AGA GTT TGA TCC TGG CTC AG) and Eubac1492R (5′-GGT TAC CTT GTT ACG ACT T). The PCR components were as follows: 2 µl DNA template (100 ng µl -1 final concentration), 2 µl 10× DNA polymerase buffer, 1. 
Purification and sequencing of amplified DNA
Amplified DNA was purified from the reaction components using a commercial kit (Wizard ® PCR Preps DNA Purification System; Promega) and eluted in 30 µl PCR water, according to the manufacturer's instructions. The quality of the purified PCR products was determined by 2% agarose gel electrophoresis and their concentrations determined by UV spectrometry. PCR products were cycle sequenced commercially (ABC, Imperial College School of Medicine, London, UK) using the following oligonucleotide primers (KATO et al., 1997) : forward primers Eubac27F and 803F (5′-GAT TAG ATA CCC TGG TAG); and reverse primer 909R (5′-CCG TCA ATT CAT TTG AGT). Any sequence with uncertain nucleotide calling was re-sequenced.
Phylogenetic analysis
The resultant, almost complete 16S rDNA sequences of the organisms were aligned manually with the corresponding sequences of the type strains of Gordonia and representatives of the other constituent genera of the suborder Corynebacterineae retrieved from the DDBJ/EMBL/GenBank databases using the PHYDIT program (J. CHUN, unpublished). Evolutionary trees were inferred using the least-squares (FITCH and MARGOLIASH, 1967) , maximum-likelihood (FELSENSTEIN, 1981) , maximumparsimony (KLUGE and FARRIS, 1969) and neighbour-joining (SAITOU and NEI, 1987) treeing algorithms from the PHYLIP suite of programs (FELSENSTEIN, 1993) . Evolutionary distance matrices for the least-squares and neighbour-joining methods were generated, as described by JUKES and CANTOR (1969) . The tree topologies were evaluated by bootstrap analyses (FELSEN-STEIN, 1985) with 1000 replications of the neighbour-joining dataset using the SEQBOOT and CONSENSE options from the PHYLIP package (FELSENSTEIN, 1993) .
DNA relatedness
DNA:DNA hybridisations were made between strains NAM-BN063A
T , NAM-BN063B and Gordonia rubropertincta DSM 43197
T under the auspices of the identification service at the Deutsche Sammlung von Mikroorganismen und Zellkulturen (Braunschweig, Germany), as described by KIM et al. (1999) .
Nucleotide sequence accession numbers
The DDBJ, EMBL and GenBank accession numbers for the reference sequences used in this study are indicated in Figure 1 . The 16S rRNA gene sequences of strains NAM-BN063A
T and NAM-BN063B have been deposited in the GenBank database under the accession numbers AF380930 and AF380931, respectively.
Results and Discussion
Two strains of mycolic acid-containing bacteria were isolated from an African sand soil by batch enrichment on benzonitrile. The morphological characteristics of the two isolates on GYE agar were distinct. Strain NAM-BN063A
T formed orange, circular, smooth colonies with a glistening surface, while strain NAM-BN063B produced red-pink, irregular colonies with erose margins and rugose surfaces. Both strains were aerobic, Gram-positive, slightly acid-alcohol fast, amycelial, non-motile actinomycetes. They contained meso-A 2pm , arabinose and galactose in whole-organism hydrolysates (wall chemotype IV sensu LECHEVALIER and LECHEVALIER, 1970), dehydrogenated menaquinones with nine isoprene units as the predominant isoprenologue, and mycolic acids that co-migrated with those of Gordonia bronchialis, the type species of the genus.
Strains NAM-BN063A T and NAM-BN063B had identical 16S rRNA gene sequences based on a comparison of 1448 nucleotides (nt). Phylogenetic comparisons of this sequence with corresponding sequences of representatives of the suborder Corynebacterineae revealed that the two strains belonged to this suborder as they had all of the 16S rDNA signature nucleotides characteristic of this taxon (STACKEBRANDT et al., 1997) . It is also clear from the results obtained with all four treeing algorithms that the strains fell within the evolutionary radiation occupied by the genus Gordonia and that they are part of a taxon, the G. rubropertincta subclade, in the 16S rRNA gene tree that encompasses Gordonia alkanivorans, G. desulfuricans, G. nitida and G. westfalica, as well as G. rubropertincta (Fig. 1) . The taxonomic integrity of this group is supported by a high bootstrap value.
The tested organisms are most closely related to Gordonia rubropertincta DSM 43197 T ; they share a 99.3% 16S rDNA similarity with this species, a value which corresponds to 10 nt differences. The corresponding 16S rDNA similarity values and number of nucleotide differences with the other members of the G. rubropertincta subclade were 98.6% and 21 nt differences (G. alkanivorans), 98.9% and 17 nt differences (G. nitida) and 99.1% and 14 nt differences (G. westfalica). Higher levels of 16S rDNA similarity have been found between the type strains of Gordonia species (KLATTE et al., 1994; LINOS et al., 2001 ) that have DNA:DNA relatedness values below the 70% cut-off point recommended by WAYNE et al. (1987) for the delineation of genomic species. The type strains of G. alkanivorans and G. westfalica, for instance, share a 16S rDNA similarity of 99.7%, which corresponds to 5 nucleotide differences, and a 60.6% DNA:DNA similarity value (LINOS et al., 2001) . In the present study, strains NAM-BN063A T and NAM-BN063B shared a DNA:DNA relatedness value of 100%; the corresponding value between the proposed type strain (i.e. strain NAM-BN063A T ) and G. rubropertincta DSM 43197 T was 14.2%. It is also evident from Table 1 that Fig. 1 . Neighbour-joining tree (SAITOU and NEI, 1987) based on nearly complete 16S rDNA sequences of strains NAM-BN063A and NAM-BN063B and representatives of the suborder Corynebacterineae. Asterisks indicate branches of the tree that were also found using the least-squares (FITCH and MARGOLIASH, 1967), maximum-likelihood (FELSENSTEIN, 1993) and maximum-parsimony (KLUGE and FARRIS, 1969 ) treeing algorithms; the symbols F and P indicate branches recovered using the leastsquares and maximum-parsimony methods, respectively. The numbers at the nodes indicate the level of bootstrap support based on a neighbour-joining analysis of 1,000 resampled datasets; only values above 50% are given. The scale bar indicates 0.1 substitutions per nucleotide position. T, type strain. Table 1 . Phenotypic characteristics separating the tested strains from representatives of validly described Gordonia species Characters (2000), MALDONADO et al. (2001) and from this study.
Strains: 1, NAM-BN063A the two isolates gave identical responses to the diagnostic phenotypic tests which also served to distinguish them from all of the representatives of the validly described species of Gordonia. The genotypic and phenotypic data show that the Namibian strains form a new species within the genus Gordonia. Consequently, it is proposed that the organisms be assigned to a new species for which the name Gordonia namibiensis is proposed.
Description of Gordonia namibiensis sp. nov.
Gordonia namibiensis (na.mi.bien'sis. N.L. adj. namibiensis referring to Namibia, the country of origin of the soil sample from which the strains were recovered).
Aerobic, Gram-positive, catalase-positive, slightly acidalcohol-fast, non-motile actinomycetes which form short rods and coccoid elements and produce orange or redpink coloured colonies on glucose yeast extract agar. Neither aerial hyphae nor diffusible pigments are produced. T in the phenotypic tests, except for the colony morphological characteristics on glucose yeast extract agar and its inability to grow in mineral medium supplemented with 0.1% (v/v) acetonitrile. The two strains can also be differentiated by their colony colour which is orange for NAM-BN063A
T and red-pink for strain NAM-BN063B.
Gordonia namibiensis strain NAM-BN063A T was able to grow in mineral salts medium containing acetonitrile or benzonitrile at 0.1% (v/v) as the sole carbon and energy sources. In contrast, strain NAM-BN063B grew only in mineral salts medium containing 0.1% (v/v) benzonitrile. Both strains were capable of growing in CMM supplemented with 0.2% (v/v) butyronitrile and valeronitrile but could not grow on propionitrile, succinonitrile or acrylonitrile. Biotransformation tests have shown the presence of a nitrile-hydratase/amidase metabolic pathway in both strains of G. namibiensis (BRANDÃO and BULL, unpublished data) .
In recent years the metabolic diversity of gordoniae has been recognised and their potential deployment for bioremediation explored. For example, G. aichiensis (FINKEL'SHTEIN et al., 1999) , G. amicalis (KIM et al., 2000) , G. desulfuricans (KIM et al., 1999) and Gordonia sp. strain CYSK1 (RHEE et al., 1998) possess desulphurisation pathways for the degradation of benzothiophenes in diesel fuels; G. alkanivorans is able to grow in hexadecane (KUMMER et al., 1999) ; G. polyisoprenivorans has the ability to degrade natural rubber substrates (LINOS et al., 1999 (LINOS et al., , 2001 ; G. nitida can metabolise alkylpyridines, 3-ethylpyridine and 3-methylpyridine (YOON et al., 2000) ; while strains of G. terrae can grow on ethyl t-butyl ether and catalyse co-metabolic conversions of methyl t-butyl ether and t-amyl methyl ether to t-butyl alcohol and t-amyl alcohol, respectively (HERNANDEZ-PEREZ et al., 2001) . In addition to their bioremediation potential, gordoniae are being assessed for commercially useful synthetic activities. DE MIGUEL et al. (2000) isolated a strain labelled "G. jacobaea" which accumulated several carotenoids and is a promising candidate for the industrial production of canthaxanthin, while an acetylene utilising strain of G. bronchialis has been screened for the production of fine chemicals (KYRIACOU et al., 1997) . Thus, the discovery of nitrile metabolising microorganisms belonging to the genus Gordonia, such as G. namibiensis NAM-BN063A
T and NAM-BN063B, is another significant step in the search for novel biocatalysts that can have applications in the synthesis of important chemicals and bioremediation of toxic wastes.
